Coastal communities with road infrastructure close to the shoreline are vulnerable to the effects of sea level rise caused by climate change. The sea level in coastal New Hampshire is projected to rise by 3.9 to 6.6 ft (1.2 to 2.0 m) by 2100. Climate change vulnerability and adaptation studies have focused on surface water flooding caused by sea level rise; however, little attention has been given to the effects of climate change on groundwater. Groundwater is expected to rise with sea level rise and will intersect the unbound layers of coastal road infrastructure, thus reducing the service life of pavement. Vulnerability studies are an essential part of adaptation planning, and pavement engineers are looking for methods to identify roads that may experience premature failure. In this study, a regional groundwater flow model of coastal New Hampshire was used to identify road infrastructure for which rising groundwater will move into the unbound materials during the design life of the pavement. Multilayer elastic theory was used to analyze typical pavement profiles in several functional classifications of roadway to determine the magnitude of fatigue and rutting life reduction expected from four scenarios of sea level rise. All the evaluation sites experienced service life reduction, the magnitude and timing of which depended on the current depth to groundwater, the pavement structure, and the subgrade. The use of this methodology will enable pavement engineers to target coastal road adaptation projects effectively and will result in significant cost savings compared with implementation of broad adaptation projects or the costs of no action.
Coastal communities with road infrastructure close to the shoreline are vulnerable to the effects of sea level rise caused by climate change. The sea level in coastal New Hampshire is projected to rise by 3.9 to 6.6 ft (1.2 to 2.0 m) by 2100. Climate change vulnerability and adaptation studies have focused on surface water flooding caused by sea level rise; however, little attention has been given to the effects of climate change on groundwater. Groundwater is expected to rise with sea level rise and will intersect the unbound layers of coastal road infrastructure, thus reducing the service life of pavement. Vulnerability studies are an essential part of adaptation planning, and pavement engineers are looking for methods to identify roads that may experience premature failure. In this study, a regional groundwater flow model of coastal New Hampshire was used to identify road infrastructure for which rising groundwater will move into the unbound materials during the design life of the pavement. Multilayer elastic theory was used to analyze typical pavement profiles in several functional classifications of roadway to determine the magnitude of fatigue and rutting life reduction expected from four scenarios of sea level rise. All the evaluation sites experienced service life reduction, the magnitude and timing of which depended on the current depth to groundwater, the pavement structure, and the subgrade. The use of this methodology will enable pavement engineers to target coastal road adaptation projects effectively and will result in significant cost savings compared with implementation of broad adaptation projects or the costs of no action.
Coastal areas worldwide are becoming more developed. Roads, constructed to service the built environment along the shore, are increasingly at risk from sea level rise, more intense coastal storms, and storm surge (1) . Although the shoreline in many locations could be fortified in the future to protect property from coastal storms, access roads in coastal communities are vulnerable to rising groundwater caused by sea level rise. The sea level in coastal New Hampshire is projected to rise by 3.9 to 6.6 ft (1.2 to 2.0 m) by 2100 (2) . Groundwater is expected to rise with rising sea level not only along the coast but also at significant distances inland (3, p. 46 ). In some locations, rising groundwater caused by sea level rise will intersect the unbound layers of coastal road infrastructure, weakening the pavement structure. Pavement design criteria currently is based on historical information that assumes the environmental parameters are stationary or, on average, not changing with time. Recent advances in climate change science have shown that the climate no longer is stationary. Transportation engineers, concerned that the pavement design criteria of the past are no longer valid, are looking for new guidance for designing and restoring pavement systems. Anticipated changes in groundwater levels will change the frequency, duration, and severity of road failures as well as the time and cost of repair.
Sea level rise can cause erosion and storm surge damage, flood coastal communities, and damage coastal infrastructure (4). The causes of sea level rise are (a) thermal expansion of ocean waters, (b) water transfer between glaciers and oceans, (c) vertical land movement, (d) shifts in the Earth's magnetic field, and (e) ocean dynamics (5) . There is uncertainty in projections of sea level rise in part because no one knows how quickly global economies will reduce greenhouse gas emissions and because the ice-loss dynamics of the Greenland and West Antarctica ice sheets are not well understood. A study linking global sea level rise to global-temperatureprojected global sea level rise ranging from 2.5 to 6.2 ft (0.76 to 1.9 m) between 1990 and 2100 (6) . The National Oceanic and Atmospheric Administration (NOAA) assessed several studies of sea level rise and produced scenarios of global mean sea level rise ranging from 0.7 (0.2 m) to 6.6 ft by the end of this century (5) . The lowest figure is an extrapolation of the historical record, and the highest is based on the Intergovernmental Panel on Climate Change AR4 projections of global sea level rise combined with an estimate of the maximum amount of glacial and ice sheet loss by the end of the century. NOAA recommended that the 6.6-ft scenario be used to design infrastructure where the tolerance for risk is small (5). In coastal New Hampshire, the sea level rose 5.3 in. (13.5 cm) between 1927 and 2001, close to the global mean sea level rise. The New Hampshire Hazards and Risks Commission has adopted the NOAA scenarios for coastal adaptation planning (2) .
In coastal areas, groundwater flows from recharge areas to discharge areas along the shoreline. As sea level rises, the groundwater levels near the coast also rise, until a new equilibrium is established between aquifer recharge and groundwater discharge to the sea.
Because of the long time frames associated with the effects of climate change and sea level rise, scientifically based mathematical models are used to simulate future changes. Groundwater modeling is a useful tool for projecting changes in groundwater levels driven by sea level rise (7) . The effect of a sea level rise of 3 ft (0.9 m) on groundwater levels in New Haven, Connecticut, was investigated by Bjerklie et al. (3) with MODFLOW-2000, a three-dimensional groundwater flow model (8, p. 121) . The simulations produced the same 3-ft increase in the groundwater level immediately along the coast. The effects of sea level rise on groundwater were also seen at significant distances inland where the original groundwater levels were 17 to 24 ft (5.2 to 7.3 m) above mean sea level. Similar results have been published from research conducted on Cape Cod (9, p. 72), the barrier islands of Maryland (10), and Florida (11) . A study conducted in urban Honolulu, Hawaii, found that the combined area of inundation from both rising groundwater and surface water was twice that of surface water inundation alone (12) .
Pavement performance is sensitive to parameters influenced by climate, specifically temperature and the moisture content of pavement sublayers (13) . Higher temperatures reduce the stiffness (strength) of the asphalt layer, and increased moisture content reduces the stiffness of the underlying unbound layers (14) . As groundwater rises with sea level rise, groundwater will intersect the unbound layers in some locations, weakening the pavement structure. Increasing the groundwater level in field tests in Sweden produced a 20% increase in strain and had a greater effect on the stiffness of the pavement structure than did either temperature or load (15) . In addition, the useful life of a pavement structure decreases with an increase in the percentage of time the unbound soils are saturated (16) . The structure of the pavement, including layer thicknesses and material types as well as the nature of the subgrade, also influences the structural response to changes in moisture content (17, 18) .
The research presented in this paper investigated the effects of groundwater rise caused by sea level rise on the service life of pavements in coastal road infrastructure. A groundwater flow model and current groundwater observations were used to identify roads that will be vulnerable to rising groundwater caused by sea level rise. Analysis of pavement profiles with changing groundwater levels that used multilayer elastic theory demonstrated that the service life of pavement systems is reduced as groundwater rises. This interdisciplinary approach provides a methodology for addressing future vulnerabilities of coastal road infrastructure to groundwater and provides a framework for adaptation planning.
Materials, Methods, and data study area
The study area covers 160 mi 2 in the coastal region of New Hampshire, where there is approximately 18 mi (29 km) of shoreline. It is a hydrologically diverse area with coastal and freshwater wetlands, rivers, streams, estuaries, and beaches (19, p. 188) . The study area is bounded by the Piscataqua River (tidal river) in the north, Great Bay and the Squamscott River in the west, the Merrimack River in the south, and the Atlantic Ocean in the east (Figure 1 ). Thirteen communities are located within the study area, having a combined population of approximately 88,100 (20) . Portsmouth, New Hampshire, is a city in the northern part of the study area with a population of approximately 21,500 and an international airport. The road network consists of local roads, local connectors, regional corridors, statewide corridors, and an Interstate highway (21). The locations of the pavement profiles chosen for analysis are identified in Figure 1 .
Groundwater data
Current groundwater elevations were compiled from several sources, including the New Hampshire Department of Environmental Services (NHDES), the New Hampshire Geological Survey (NHGS), the U.S. Air Force, and the Town of Seabrook, New Hampshire. Average groundwater elevations in a total of 1,983 wells, installed in the unconsolidated deposits above the bedrock, were used to construct a groundwater elevation contour map with an interval of 2 ft (0.6 m). The most accurate groundwater data used in this study were obtained from wells installed between 1955 and 2014 at the Portsmouth International Airport at Pease Air National Guard Base, in the northeastern section of the study area. Those wells were typically surveyed to a common datum, and groundwater levels have been measured monthly or quarterly in recent years (22) . Groundwater elevations over the rest of the study area were obtained from GEOLOGs (NHGS) and the water well inventory (NHDES). The GEOLOGs are a compilation of boring and well information from NHDES, the New Hampshire Department of Transportation (DOT), and the U.S. Geological Survey (USGS). Groundwater level measurements from this data set are available from the early 1900s to the present. Many of the wells were measured only once, and some were monitored over time. The water well inventory is a database of boring and well information compiled by NHDES from wells installed for domestic and industrial water supply, exploration, and testing. Groundwater levels in this data set were recorded by drillers during installation and are the most uncertain. The piezometric head along the shore was assumed to be mean sea level.
Groundwater Modeling
An existing USGS groundwater flow model of coastal New Hampshire was updated and modified to investigate the effect of sea level rise on groundwater levels (19) . The USGS MODFLOW-2005 model was used to solve the groundwater flow equation with sea level as a boundary condition (23) . Lidar data sets, areal recharge, water withdrawals, hydrogeologic properties, and sea level rise were used as inputs, and the model was run in steady state. Mean sea level and groundwater observations were used for calibration. A complete description of the groundwater model was presented by Mack (19) . The updated version of the model used in this analysis was described in Knott et al. (24) .
Groundwater Model Input and Output Parameters
The MODFLOW model has several input parameters that are estimated before simulations are run. All have uncertainties, including errors associated with measuring the parameter, parameter variability in space and time, complex interactions between parameters, insufficient data density, and an uncertain future.
Input parameters that are sensitive to climate include recharge and sea level. Recharge is the infiltration of precipitation or surface water and its percolation through unsaturated soils to the saturated zone (25, p. 84 ). Areal recharge rates were determined by NHGS with a soil-water model that accounts for interception, evapotranspiration, runoff partitioning, soil infiltration or snowpack storage, and soil moisture partitioning (26) . Sea level was modeled in MODFLOW as a constant-head boundary condition that can be modified for each steady state simulation (27) . The interaction between groundwater and streams was also simulated in the model. Increased piezometric head in groundwater driven by sea level rise may result in more groundwater discharge to streams (3, 9) .
Input parameters that are insensitive to climate include aquifer properties, such as hydraulic conductivity, aquifer layer thickness, and ground surface elevation. The geology in the model domain consisted of glacial deposits approximately 40 ft thick and overlying fractured bedrock (19) , and the ground surface elevation was determined with bare-earth lidar data (28) . Current land use (NHGS) and drinking water withdrawals (NHDES) were also included in the model but were not varied with time. For this study, it was assumed that all the input parameters remain constant except mean sea level, which was varied according to several sea level rise projections.
The MODFLOW model generates groundwater elevations (head), fluxes, drawdowns, and concentrations at each grid cell (23) . The output parameter of interest for this study was groundwater head (elevation).
Sea Level Rise Scenarios
Sea level rise projections of 1.0 ft, 2.7 ft (0.82 m), 5.2 ft (1.6 m), and 6.6 ft corresponding to the high-emissions scenario early in the century (2030), at midcentury (2060), and at the end of the century (2090 and 2100), respectively, were simulated with the groundwater model ( Figure 2 elevation contours for the current condition and the four sea level rise scenarios.
In addition to sea level, precipitation and temperature levels are expected to rise in the northeastern United States with climate change (29) , affecting groundwater levels through aquifer recharge. The interactions between precipitation, runoff, and evapotranspiration are complex and have a strong seasonal signature. In the U.S. northeast, the groundwater is typically the highest in the early spring when the aquifer recharge from rainfall and snowmelt is maximum and evapotranspiration is small (19) . In this study, the groundwater model was run in a steady state to assess the long-term effect of sea level rise on average groundwater levels and did not consider seasonal or annual variation in recharge rates caused by climate change.
identification of roads for analysis
Coastal roads that will be vulnerable to a rise in groundwater caused by sea level rise were chosen for pavement analyses according to three criteria: (a) functional classification from the New Hampshire DOT, (b) locations where groundwater is predicted to rise with sea level rise, and (c) road sections where the current groundwater is less than 10 ft (3.0 m) below the ground surface. The functional classifications are turnpikes, statewide corridors, regional corridors, and local roads. Areas where groundwater is expected to rise with sea level rise were identified with a geographic information systems layer of predicted groundwater rise calculated with the groundwater model. Sections of roads where groundwater is less than 10 ft below the ground were identified by subtracting the current groundwater elevation from the lidar bare earth ground surface elevation (28) .
Five evaluation sites were chosen for pavement analysis, the locations of which are identified in Figure 1 
Pavement Performance evaluation

Pavement Profiles and Material Properties
Typical pavement profiles were constructed for each of the five sites. The nature and thickness of the asphalt and base layers were determined from construction plans available from the New Hampshire DOT (21). The nature and thickness of the subgrade layers were determined from nearby boring logs from the GEOLOG database (NHGS). A Unified Soil Classification System soil group was assigned to the geologic layers in each boring according to soil descriptions recorded by drillers during well installation (ASTM D2487-11). Each lithographic layer was then assigned an AASHTO soil classification symbol (30) .
The material properties for the five sites with current (average) groundwater levels are presented in Table 1 . The location of the groundwater table within the pavement profile is at the interface between unsaturated and saturated soils ( Table 1 ). The soil beneath the groundwater table is fully saturated, and the unsaturated soil above the groundwater table is assumed to be at optimum moisture content used for pavement design. Typical values of resilient modulus and Poisson's ratio of unbound materials were assigned to each lithographic layer according to its AASHTO soil classification. These values were obtained from Level 3 inputs in the Mechanistic-Empirical Pavement Design Guide (MEPDG) (31) . Typical resilient modulus values at optimum moisture content were used for the unbound materials above the water table, and typical resilient modulus values at full saturation were used for the unbound materials below the water table. The ratio of resilient modulus at full saturation to resilient modulus at optimum moisture content (M Rsat /M Ropt ) was assumed to be 0.5 for the unbound materials in this analysis, as based on guidance from the MEPDG (31) . Although the dynamic modulus of the asphalt layer fluctuates with temperature and seasonal frequency, the steady state analysis did not consider seasonal variability. The average dynamic modulus was assumed to be constant at the 20°C value used for design from Cornell typical values (32). In addition, it was assumed that no fatigue and rutting distresses were present in the test sections of the roadway.
Multilayer Elastic Analysis
KENLAYER, a multilayer elastic analysis computer software (33) , was used to determine changes in the pavement response to loading resulting from rising groundwater related to sea level rise in the five pavement profiles under interlayer full bond and full slip conditions. Loading was kept constant at a 9,000-lb (4,086-kg) single-axle single tire with a contact radius of 4.89 in. (12.4 cm). As groundwater rises in the soil profile with each sea level rise scenario, the lithologic layer in which the groundwater table resides is divided into an unsaturated section above the water table and a saturated section below the water table. The change in unbound material stiffness is modeled by reducing the resilient modulus under optimum moisture conditions (M Ropt ) to the resilient modulus under saturated conditions (M Rsat = 0.5M Ropt ), and the thickness of the saturated portion of the layer is changed accordingly. The projected groundwater levels for the current conditions and the sea level rise scenarios are presented for the five study sites in Figure 3 .
Horizontal tensile strain was calculated at the bottom of the asphalt concrete layer and vertical compressive strain was calculated at the top of the subgrade layer for the various groundwater levels predicted ; HMA = hot-mix asphalt; na = not applicable. in the sea level rise scenarios. Strain was converted to number of cycles to failure (N f ) for fatigue cracking and rutting with equations developed for dense-graded asphalt mixtures by the Minnesota DOT (34) . The number of cycles to fatigue failure was calculated with the following equation:
.83 10 10 (1) 6 6 3.148 where N f is the number of load applications to fatigue cracking in 10% of the wheelpath area and ε t is the horizontal tensile strain at the bottom of the asphalt layer (microstrain). The number of cycles to rutting failure was calculated with the following equation: where N f is the number of load applications to limit rutting, and ε v is the vertical compressive strain at the top of subgrade (microstrain).
The changes in N f values for fatigue and rutting resulting from rising groundwater were evaluated with the ratio of the N f value at the predicted groundwater level to the N f value at the current groundwater level.
discussion of results rising Groundwater with sea level rise
Results from the groundwater modeling show that the effects of sea level rise on groundwater will extend further inland than the effects of surface water flooding (24) . Surface water inundation is predicted to occur approximately 1 mi from the coast (35) , and a level of up to 4 ft (1.2 m) of groundwater rise caused by sea level rise is predicted to occur at distances approximately 2 mi (3.2 km) from the coast (24) . The magnitude of groundwater rise is not uniform and linear with distance from the coast. It depends on the local hydrogeology, the proximity of groundwater discharge areas such as streams or wetlands, distance from the coast, and groundwater pumping. The impact of rising groundwater on the service life of pavements also depends on the local (current) depth to groundwater and the pavement structure.
Groundwater rises with sea level rise at all the study sites for all the sea level rise scenarios (Figure 3) . However, not all sections of roadways in the zone of groundwater rise will be equally affected. In four of the five locations, groundwater will inundate the road surface before the end of the century in the high-emissions scenario. The Middle Street (local) site is closer to the coast and will experience more groundwater rise caused by sea level rise than will the Gosling Road (local) site, yet groundwater will intersect the pavement structure at the Gosling Road site sooner than at the Middle Street site. The roads in the zone of rising groundwater that are most at risk from the impacts of sea level rise are those with current groundwater levels less than 3 ft from the road surface.
The vertical structure of the pavement has a significant effect on the vulnerability of the road to groundwater rise related to sea level rise. The Spaulding Turnpike and Gosling Road sites are only 0.5 mi (0.8 km) apart but have very different vulnerabilities to sea level rise. Spaulding Turnpike consists of multiple layers of fill, subbase, and base material. The road surface is approximately 7 ft (2.1 m) above the natural soils and 5.6 ft (1.7 m) above the current groundwater; at Gosling Road, the road surface is 3 ft above the natural soils and 2.3 ft (0.7 m) above the current groundwater. The groundwater will not enter the subbase of the pavement structure in this section of Spaulding Turnpike until the area experiences more than 5 ft (1.5 m) of sea level rise, a level projected to occur late in the century. However, the groundwater is already in the base layers of Gosling Road, and any groundwater rise with sea level rise will weaken the unbound materials of the pavement structure.
The groundwater flow regime is also significant in determining coastal road vulnerabilities to sea level rise. A comparison of NH-286 (regional corridor) and NH-101 (state corridor) illustrates this difference. Both roads are similar in their distance from the ocean. They run perpendicular to the coast across wetlands and are evacuation routes from coastal properties. However, the current groundwater elevation at the NH-286 site is approximately 5 ft higher than the groundwater elevation at the NH-101 site. Groundwater discharge to the Taylor River keeps groundwater levels lower at the NH-101 site. In addition, groundwater pumping for public water supply, located northwest of the NH-101 site, lowers the groundwater levels in this area.
Multilayer elastic analysis
The results of the multilayer elastic analysis are presented as the ratio of the number of cycles to failure (N f ) at the predicted groundwater level to the N f at the current groundwater level for the four scenarios of sea level rise (Figure 4 ). This ratio is representative of a worstcase service life reduction as the groundwater will not be at the predicted level for the entire life of the pavement. In all profiles, the N f value for fatigue cracking is less than the N f value for rutting; consequently, fatigue cracking controls the service life of the pavement structure. The height of the bar in Figure 4 is the average of the N f ratio calculated under interlayer full bond and full slip conditions, assuming that the reality will fall between the two extremes as shown with the error bars. When the groundwater is projected to flood the surface of the road, it is assumed that that section will have to be rebuilt or raised. This situation is indicated in Figure 4 as not applicable for the analysis.
Spaulding Turnpike has a substantial pavement structure consisting of a thick asphalt concrete layer underlain by base and subbase layers. Service life reduction is not predicted until 2090 with a 5.2-ft sea level rise when the groundwater reaches the bottom of the subbase (Figure 3) . The service life of the pavement, controlled by fatigue cracking, at Spaulding Turnpike is reduced relative to the current service life by 4% and 12% for 5.2 and 6.6 ft of sea level rise, respectively. The fatigue life of the NH-101 pavement is reduced by 5%, and the groundwater table is still in the clay subgrade with 2.7 ft (0.8 m) of sea level rise and 48% with 5.2 ft of sea level rise when the groundwater moves into the base materials (Figures 3 and 4) . Flooding of the road surface from groundwater occurs toward the end of the century.
Roads with groundwater near the ground surface (Figure 3 ) in the zone of groundwater rise will be affected the most. The NH-286 corridor and Gosling Road exhibit the largest service life reduction and are projected to have structural damage much earlier than the other pavement evaluation sites. Again, fatigue cracking is the controlling factor for the structural failure of the pavement. The fatigue life of the pavement at the NH-286 site is predicted to be reduced by 11% and 36% with 1 ft and 2.7 ft of sea level rise, respectively. The fatigue life of the pavement at the Gosling Road site is predicted to be reduced by 13% and 50% with 1 ft and 2.7 ft of sea level rise, respectively. Shortly after 2060, the surfaces of both roads will be inundated from rising groundwater unless adaptation strategies to raise the road or lower the groundwater table are implemented.
The Middle Street site has the thinnest pavement structure of all the pavement profiles with a thick asphalt concrete layer that makes up 50% of the pavement thickness (Figure 3 ). The analysis revealed 10% and 17% reductions in fatigue life for 1.0 and 2.7 ft of sea level rise with the groundwater table in the subgrade. Inundation of the pavement surface occurs between 2.7 and 5.2 ft of sea level rise projected to occur between 2030 and 2060.
Although fatigue cracking controls pavement failure in all the profiles analyzed, significant reductions in rutting performance, dictated by vertical strain on the top of the subgrade, was observed in all the pavement profiles as groundwater rises, except at the Middle Street site (Figure 4) . A comparison of Figures 3 and 4 reveals that reduction in rutting performance does not occur until the groundwater table nears the top of the subgrade and moves into the base layers of the pavement structure. At Middle Street, the groundwater remains in the subgrade for the first two sea level rise scenarios with no reduction in rutting performance despite groundwater rising to within 2 in. (5 cm) of the base layer with 2.7 ft of sea level rise. This result is in contrast to the nearly 60% reduction in rutting performance observed at Spaulding Turnpike when the groundwater approaches the subbase layer with 5.2 ft of sea level rise. The thick asphalt concrete layer in relation to the total thickness of the pavement structure may have contributed to better rutting performance before inundation at this location. The potential for rutting failure increases more than 50% by 2030 with 1.0 ft of sea level rise at the NH-286 and Gosling Road sites. This potential is significant to consideration of other variables that may be affected by climate change, such as the reduction of stiffness in the asphalt layer with rising temperatures, and in the design of future pavements. It was assumed in these analyses that the unbound materials above the water table were at optimal moisture content. If, in reality, the initial moisture content were above optimal under current conditions, as in poorly drained fine-grained silts and clays, the initial N f value would be lower and would result in a smaller reduction in service life from rising groundwater in the ratio analysis. Conversely, if the initial moisture content were below optimal, as in well-drained coarse-grained materials, groundwater rise would result in a larger reduction in the service life of the pavement. It was also assumed that the pavement was without distress under current conditions. If the pavement currently contains fatigue or rutting distresses and the condition of the pavement continues to deteriorate over time, the increased strains caused by loading under conditions of higher groundwater table would result in greater service life reduction compared with current conditions. conclusions An interdisciplinary approach coupling groundwater modeling with multilayer elastic analysis of pavement systems was used to assess the effect of sea level rise on groundwater and coastal road infrastructure. The results of this study show that groundwater will rise with sea level rise and provide a framework for determining which sections of roads will be most affected.
The magnitude of groundwater rise with sea level rise depends on the hydrogeology, the proximity of groundwater discharge areas, groundwater pumping, and the distance from the coast. Pavements within the zones of predicted groundwater rise with current groundwater levels near the top of the subgrade will experience the greatest reduction in service life caused by rising groundwater. In addition, the surface of some sections of these roads will be inundated with groundwater by midcentury if adaptation strategies are not implemented. Roads with existing groundwater levels deeper than 10 ft are not likely to be affected by rising groundwater under the current sea level rise projections out to the end of the century.
For roads that are vulnerable, reductions of 5% to 17% in fatigue life are predicted as groundwater rises in the subgrade and will increase to 50% as groundwater moves into the base layers of the pavement. Reductions in rutting life from 38% to 92% are predicted when groundwater moves from the subgrade into the base layers. The magnitude of service life reduction is affected by the depth to groundwater, the pavement structure, and subgrade materials.
Groundwater information is available in many local communities from hydrogeological studies for water supply and groundwater assessment. The use of this interdisciplinary approach to inform pavement design and maintenance in coastal communities will reduce the costs of premature pavement failure caused by rising groundwater related to sea level rise and provide necessary guidance for targeted adaptation planning. Future work includes use of this methodology to investigate the effects of other changing climate parameters, such as temperature and precipitation, in combination with changes in groundwater levels on pavement service life and to evaluate adaptation strategies for pavement resilience to climate change. 
